The present study reports, for the first time, the highly efficient formation of barrier-type anodic films, with flat and parallel metal/film and film/electrolyte interfaces, on magnesium 
Introduction
Anodizing of magnesium and its alloys is an important surface treatment process to improve corrosion resistance, paint adhesion and wear resistance. The anodic films formed on magnesium usually have a porous structure, with a thin barrier layer sandwiched between the porous layer and metal substrate. Unlike other valve metals, including aluminum, titanium, zirconium, niobium, tantalum and tungsten, there are no reports on the formation of barrier-type anodic films on magnesium at high current efficiency. Thus, fundamental understanding of the ionic transport process during anodizing of magnesium is still limited, although many studies have been carried out on the formation of anodic films on magnesium and its alloys [1, 2] .
Recently, fluoride-containing organic electrolytes have been utilized to form self-organized nanotubular and nanoporous anodic films on titanium [3, 4] , zirconium [5, 6] , niobium [7] , tantalum [8] iron [9] [10] [11] and stainless steel [12] . The use of organic electrolytes enables the formation of thick porous anodic films on iron and stainless steel, and improves the uniformity of the self-ordered pore or nanotubular array as well as the thickening of the anodic films.
A few studies have been conducted on anodizing of magnesium in organic electrolytes. Brunner et al. reported the formation of black porous anodic layers in water-free methanol or ethanol electrolytes [13] . The formation of barrier layers was reported by Asoh and Ono [14] . They used trimetylamine-containing ethylene glycol electrolytes with 10-40%
water. The concentration of water influenced largely the growth behavior of the anodic films.
Turhan et al. formed self-ordered magnesium oxy-fluoride nanoporous/tubular layers on WE43 magnesium alloy in HF-containing ethylene glycol electrolyte [15] .
In the present study, we used ethylene glycol electrolyte containing NH 4 F and a small amount of water. In contrast to the HF-containing ethylene glycol electrolyte, the anodic films formed in the present electrolyte were barrier-type with a growth efficiency close to 100%.
The structure and composition of the resultant films were characterized by transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD) and Rutherford backscattering spectroscopy (RBS). The reason for the efficient film growth in the present anodizing condition is discussed.
Experimental
Thin magnesium films of ~260 nm thickness were magnetron-sputtered onto glass or flat, anodized aluminum substrates using a 99.9% magnesium target. The magnetron-sputtered specimens were used to avoid the influence of the second phases in bulk magnesium and its alloys on the anodic film growth. The deposited specimens were anodized at a constant current density of 10 A m The observation of the hexagonal-shaped grains suggests that the deposited magnesium film may have an (0001) preferred orientation. After anodizing to 200 V in the organic electrolyte, the surface becomes smoother and no characteristic feature is seen in the scanning electron micrograph. In contrast, an anodic film with a rough surface is developed in the aqueous electrolyte (Fig. 1c) . The XRD pattern of the anodic film formed to 350 V in the organic electrolyte ( Fig. 2) is similar to that for the anodic films formed on aluminum in neutral aqueous electrolytes [17] .
A selected area diffraction pattern obtained from the anodic film (Fig. 3b) reveals the presence of the MgF 2 phase, which is consistent with the XRD pattern. A ~30 nm-thick band with a light contrast appears at the 60% of the film thickness from the film/electrolyte interface. EDS analysis revealed that the light region had a slightly high O/F ratio compared with the other film regions, suggesting that the band may be associated with an air-formed film, which was present before anodizing. A similar band was also found in the anodic films on ZE41 magnesium alloy [18] . Assuming that the light band is immobile during anodic film growth, the location of the band suggests that the film has grown by inward migration of anion species, forming the inner film region below the band, and the outward migration of cation species, forming the outer film region above the band. In this case, the transport number of cations (t   +   ) is ~0.6, which is larger than those of amorphous anodic alumina (t + =0.4) [19] and anodic niobia and tantala (t + =0.24) [20, 21] . This is of interest, since crystalline anodic films, such as ZrO 2 and HfO 2 , are formed predominantly by anion transport [21] . It is possible that ionic transport mechanism differs in the fluoride-based films from that in the oxide-based films. It is also possible that an amorphous phase is also present in addition to the crystalline MgF 2 phase.
Quantitative compositional analysis was carried out by RBS. Figure 4 ) is the same as that used to form the anodic film. Thus, the current efficiency is almost 100%. The
Pilling-Bedworth ratio (PBR) during anodic film formation was also estimated. The value, which is the ratio of the volume of film materials formed with respect to the volume of magnesium metal, is 1.67, being greater than unity. The difficulty of formation of protective surface films on magnesium and its alloys is often discussed in terms of the low PBR of Mg/MgO (0.81) [22, 23] . Under this condition, the metal surface could not be covered entirely by the anodic film. The film formation under a PBR greater than unity and the development of MgF 2 -based films, which have been reported to improve the corrosion resistance of magnesium alloys [24] , may be responsible for the growth of the present anodic films on magnesium at high current efficiency.
The present study demonstrates the uniform and highly efficient formation of anodic films on magnesium. This allows us to conduct fundamental studies on the ionic transport process in growing anodic films on magnesium. Such studies using tracers incorporated from electrolyte and substrate will be reported separately. 
